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Background: Human infection with Middle East respiratory syndrome coronavirus 
(MERS-CoV) poses an ongoing threat to public health worldwide. The studies of 
MERS patients with severe disease and experimentally-infected animals showed that 
robust viral replication and intensive proinflammatory response in lung tissues 
contribute to high pathogenicity of MERS-CoV. We sought to identify pattern 
recognition receptor (PRR) signaling pathway(s) that mediates the inflammatory 
cascade in human macrophages upon MERS-CoV infection. 

Methods: The potential signaling pathways were manipulated individually by 
pharmacological inhibition, siRNA depletion and antibody blocking. MERS-CoV- 
induced proinflammatory response was evaluated by measuring the expression levels 
of key cytokines/chemokines. RT-qPCR assay, flow cytometry analysis and Western 
blotting were applied to evaluate the activation of related PRRs and engagement of 
adaptors. 

Results: MERS-CoV replication significantly upregulated C-type lectin receptor (CLR) 
Mincle. The role of Mincle for MERS-CoV-triggered cytokine/chemokine induction 
was established based on the results of antibody blockage, siRNA depletion of Mincle 
and its adaptor Syk, and Syk pharmacological inhibition. The cytokine/chemokine 
induction was significantly attenuated by siRNA depletion of RIG-I-like receptors 
(RLR) or adaptor, indicating RLR signaling also contributed to MERS-CoV-induced 
proinflammatory response. 

Conclusion: CLR and RLR pathways are activated and contribute to the 


proinflammatory response in MERS-CoV-infected macrophages. 
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Background 


Middle East respiratory syndrome coronavirus (MERS-CoV) has been identified 


as a novel pathogen causing human respiratory infections since 2012 [1]. Most MERS 


patients presented with viral pneumonia, some of them developed acute respiratory 


distress syndrome and multiorgan failure with a case-fatality rate over 3096 [2]. 


Cytological examination of bronchoalveolar lavage fluids from MERS patients 


exhibited large numbers of neutrophils and macrophages, indicating a massive 


pulmonary inflammation [3]. The post-mortem study of a MERS patient revealed 


compatible pathological changes, including edematous alveolar septa with infiltration 


of lymphocytes, neutrophils and macrophages, as well as diffuse alveolar damage [4]. 


A detailed examination of lung tissues of MERS-CoV infected non-human primates 


including common marmosets and Rhesus macaques revealed similar pathological 


changes, a reminiscent of prominent lung disease in severe MERS patients. The authors, 


thus, reached a central conclusion that robust viral replication, together with an intense 


local immune response to MERS-CoV infection may result in the severe respiratory 


disease in these experimental animals [5]. 


Macrophages are important sentinel cells of the innate immune system. 


Macrophages sense and recognize invading pathogens or endogenous ligands through 


a broad range of sensors, and generally elicit effective clearance via phagocytosis. On 


the other hand, macrophages may fail to eliminate invading microbes. Instead, they 


become inappropriately activated and initiate dysregulated inflammatory responses in 
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some cases [6, 7]. We have previously reported that MERS-CoV productively infected 
human monocyte derived macrophages (MDMs) апа triggered aberrant 
proinflammatory response [8], providing a direct evidence to explain the massive 
inflammation observed in severe MERS patients and experimentally-infected non- 
human primates. 

Upon viral infection, host germline-encoded pattern recognition receptors (PRRs) 
including retinoic acid-inducible gene (RIG)-I-like receptors (RLR), Toll-like receptors 
(TLR), nucleotide-binding oligomerization domains (NOD)-like receptors (NLR) and 
C-type lectin receptors (CLR) detect the presence of foreign motifs or ligands known 
as pathogen-associated molecular patterns (PAMPs) [9-12]. The intracellular signaling 
cascades triggered by these PRRs lead to transcriptional activation of type I interferons 
and inflammatory mediators that coordinate the elimination of pathogens and infected 
cells, and meanwhile contribute to the inflammation and clinical symptoms of viral 
infections. 

RLRs such as RIG-I and MDA-5 have been extensively characterized as essential 
cellular sensors to recognize RNA viruses [11, 13]. Ding et al demonstrated the RLR- 
mediated signaling for NF-«B activation in transmissible gastroenteritis virus infection 
[14]. Zalinger et al elucidated the importance of MDAS to host defense during murine 
coronavirus infection [15]. In the meantime, CLR signaling has shown the increasing 
importance for triggering inflammatory response upon viral infections [16, 17]. The 


transcription factor МЕ-кВ is an essential mediator of inducible gene expression of 


4 


6102 1equieideg gz uo лезп BuisseooJg sjeueg - suonoejoo ‘Aeq Аузлэлмий 4әўвеүүдүү Аа L06S4SGS/egrzil/sipiul/eo LOL /Iopnoeasqe-ejonae-eoueApe/prfjuioo:dno o 1uepeoe//:sdyu шол ререојимод 


cytokines and chemokines. CLR-induced signal transduction appears to mainly activate 
and modulate МЕ-кВ functions [17, 18]. The mechanisms by which coronaviruses 
evade host innate antiviral response, including MERS-CoV and severe acute respiratory 
syndrome coronavirus (SARS-CoV), have been extensively investigated [19-21]. 
However, it is poorly understood how the highly pathogenic MERS-CoV triggers the 
aberrant proinflammatory response, one of the pathological bases of severe respiratory 
diseases in MERS patients and experimentally-infected animals. In this study, we 
sought to elucidate the contribution of RLR and CLR signaling pathway for mediating 


the exuberant inflammatory responses in macrophages upon MERS-CoV infection. 


MATERIALS AND METHODS 


Virus culture. 


MERS-CoV of strain EMC/2012 [1] was propagated in cultured from Vero E6 cells. 


Three days after virus inoculation, the cell-free media were collected, and stored at 


-80°С in aliquots. UV inactivation of MERS-CoV was performed by exposing the virus 


to UV cross-linker for 10 minutes as described previously [22] . 


Preparation of human monocyte derived macrophages, virus infection and 


manipulation of the macrophages. 


Peripheral blood was obtained from healthy blood donors at the Hong Kong Red 


Cross Blood Transfusion Center according to a protocol approved by the Institutional 


Review Board of The University of Hong Kong / Hospital Authority Hong Kong West 
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Cluster. Monocyte preparation and differentiation were performed according to a well- 
established protocol described previously [23]. For viral infection, treated or mock- 
treated MDMs were inoculated with MERS-CoV at a multiplicity of infection (MOI) 
of 2 or were mock inoculated for 1 hour at 37°С. Cell lysates were harvested at 24 hours 
post infection (hpi) for quantification of mRNA expression levels of cellular genes and 
detection of viral load. 

ТВК1 & IKKE inhibitor Amlexanox, Syk inhibitor RA06 and Caspase-1 inhibitor 
VX-765 were purchased from InvivoGen. The individual inhibitors or a neutralization 
antibody against human Mincle (InvivoGen, mabg-hmcl) or mouse monoclonal IgG2B 
(R&D, MABO004) were administered to MDMs 1 hour prior to virus inoculation at the 
indicated concentrations and supplemented in the culture media throughout after 
infection. Silencer Select siRNA targeting human MAVS (s33179, Thermo Fisher), 
Syk (813681), RIG-I (5223615), МРА-5 (534499), Mincle (525297) and scrambled 
siRNA were transfected to MDMs using Lipofectamine 3000 (Thermo Fisher) 
according to the manufacturer's instruction. In brief, MDMs were transfected with 200 
nM siRNA for two consecutive days. At day 3 after siRNA transfection, the cells were 
inoculated with MERS-CoV. 

Quantification of cellular mRNA transcript and viral load by RT-qPCR assay. 

Detection of cellular mRNA expression and viral load was performed as described 
previously [24]. In brief, cell lysates were applied to RNA extraction, followed by 


reverse transcription using oligo(dT) or the virus-specific primer. The resultant cDNAs 
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were used for qPCR assay to measure mRNA expression level of cellular gene and viral 
load. The primer sequences used in qPCR assay are shown in the Supplementary Table. 
Flow cytometry analysis, immunofluorescence staining and Western blot analysis. 

Immunostaining and flow cytometry analysis were performed according to the 
standard protocol as described elsewhere [25, 26]. Briefly, after detachment, fixation 
and permeabilization, MDMs were labeled with a mouse antibody against human 
Mincle (ab100846, Abcam) and in-house made antibody against MERS-CoV NP or 
antibody of isotype control, followed with the corresponding secondary antibodies. 
Flow cytometry analysis was performed using a BD FACSCanto II flow cytometer (BD 
Biosciences), the data were analyzed using FlowJo vX (Tree Star, USA). 

For immunofluorescence staining, MDMs seeded on glass coverslips were 
inoculated with MERS-CoV at 5 MOI. At 24 hpi, the cells were fixed with 4% 
paraformaldehyde and labeled with anti-NP and anti-Mincle, followed with 
corresponding secondary antibodies. Slides were mounted with ProLong Gold antifade 
reagent with DAPI (Themo Fisher) and imaged with a Carl Zeiss LSM 800 confocal 
microscope. 

The whole-cell extracts of infected and mock-infected macrophages were 
separated in SDS-PAGE and transferred onto a nitrocellulose membrane. After 
blocking, the membranes were probed with antibodies against MAVS (Abcam, 
ab31334), Syk (ab40781), RIG-I (ab45428), MDAS (ab126630), Mincle (ab100846) 


and CARD9 (ab124922), NP antibody or mouse p-Actin antibody (Sigma, A5441), 
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followed with secondary staining. The blots were visualized Бу Luminata Classico 
Western HRP Substrate (Millipore, WBLUCO500). Quantification was performed 
using ImageJ software. A human IP-10 ELISA Kit (Abcam, ab173194) was used for 
quantification of IP-10 secretion in the culture media. 
Statistical Analysis. 

Unpaired t test was performed for data analysis using GraphPad Prism 6. A P value 
«0.05 was considered to be statistically significant. Data are presented as mean and 


standard deviation (SD) of representative experiments. 


RESULTS 
Inhibition assay hinted the potential involvement of RLR and CLR pathways. 

We first utilized the inhibitors of RLR and CLR signaling pathway to evaluate their 
potential contribution for mediating the proinflammatory response in MERS-CoV- 
infected macrophages. Amlexanox, an inhibitor of RLR signaling pathway, specifically 
supresses the noncanonical IkB kinases IKKe and TANK-binding kinase 1 (ТВКІ), 
both are essential players for the coordination of interferon regulatory factor 3 (IRF3)- 
and NF-«B-mediated innate immune response [27, 28]. R406 is a specific, ATP- 
competitive inhibitor of spleen tyrosine kinase (Syk), the essential adaptor of CLR 
pathway [29]. Caspase-1 inhibitor VX-765, a commonly-used inhibitor for NLR 
signaling, is used for comparison [30]. MTT assay was used to detect the 50% cytotoxic 


concentration (CCo) of each inhibitor in MDMs (Supplementary Figure 1), in order to 
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ensure that the concentrations used for inhibition of PRRs have no adverse effect on 


macrophage viability. Based on the effective concentration of each inhibitor and its 


CCo, the indicated working concentrations (Figure ТА) were used throughout the study. 


To assess the contribution of RLR or CLR pathway to induce proinflammatory 
response, we measured the expression levels of a series of key proinflammatory 
cytokines/chemokines in MERS-CoV-infected MDMs in the presence of these 
inhibitors (Figure 1B). In consistency to our previous observation, MERS-CoV 
infection globally stimulated an array of proinflammatory cytokines and chemokines 
including IL-6, TNF-a, MIP-la, RANTES, IFN-y and IP-10 [8]. The induction of 
cytokine/chemokine was dependent on viral replication since the inoculation of the UV- 
inactivated viruses was unable to trigger these inflammatory mediators, except 
RANTES (Supplementary Figure 2). Notably, MERS-CoV-mediated induction of 
TNF-a, MIP-la, IFN-y and IP-10 was generally diminished in the presence of 
Amlexanox and R406, although Amlexanox treatment only marginally reduced ТМЕ-а 
production. In addition, the treatment of Amlexanox, but not R406, significantly 
attenuated the induction of IL-6 and RANTES. However, NLR signaling inhibitor VX- 
765 seemed to have minimal effect on these inflammatory mediators. Since the 
replication of MERS-CoV is the driving force for the induction of most 
cytokines/chemokines, we evaluated the viral replication in the presence of the 
inhibitors. It was shown that the addition of these inhibitors did not affect viral 


replication (Supplementary Figure 3). 
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Accumulating evidence suggested that RLRs and CLRs are inducible upon 


stimulation or microbial infection [14, 31-33]. Among CLRs, Dectin-1, Dectin-2 and 


Mincle are highly expressed in myeloid cells such as monocytes, macrophages and 


dendritic cells [17]. As such, we measured the mRNA profiles of RLRs, myeloid CLRs 


in MERS-CoV-infected macrophages. As shown in Figure 2A, the mRNA expression 


levels of RLRs including RIG-I, МРА5 and LPG2, as well as CLRs Mincle and Dectin- 


2 were significantly upregulated at 24 hpi. The positive modulation pattern of RLR and 


CLR, especially the increased expression of RIG-I and Mincle, was manifested as early 


as 6 hpi (Figure 2B), suggesting an accelerating activation of these PRRs during MERS- 


CoV infection. Overall, the above results suggested that RLR and CLR signaling might 


involve in viral recognition and trigger the proinflammatory response upon MERS- 


CoV infection in macrophages. 


Depletion of CLR/RLR  adaptors/receptors dampened the induction ој 


cytokines/chemokines. 


To dissect the role of RLR and CLR signaling in inducing proinflammatory 


response, we depleted the RLR adaptor, MAVS, or the CLR adaptor, Syk, by siRNA 


knockdown and examined MERS-CoV-elicited cytokine/chemokine response. The 


effective depletion of both adaptors was shown by RT-qPCR assay at 48 hours post 


siRNA transfection, to around 20% for Syk and 40% for MAVS relative to the control 


cells (Figure 3A). The reduced expression of the adaptors was also verified by Western 
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blot. Subsequently, we infected the transfected cells with MERS-CoV and measured 
the expression profiles of the cytokines/chemokines. As shown in Figure 3B, siRNA 
depletion of either MAVS or Syk significantly diminished the induction of all tested 
inflammatory molecules including IL-6, TNF-a, МТР-1а, RANTES, IFN-y and IP-10. 

RIG-I, MDA-5 and Mincle were upregulated the most among RLR and CLR 
receptors (Figure 2). We then tested whether siRNA depletion of RIG-I, MDA-5 and 
Mincle have any effect on MERS-CoV-triggered immune activation. As shown in 
Figure 4A, the receptors were depleted to around 30% at transcriptional level, which 
were verified by Western blot analysis. In RIG-I, MDA-5 and Mincle depleted cells, 
the induction of IFN-y and IP-10 was generally abolished; and MIP-1a and RANTES 
expression were significantly reduced (Figure 4B). A significantly attenuated IL-6 
induction was observed in RIG-I depleted cells, but not in MDA-5 or Mincle-depleted 
cells; whilst TNF-a production was basically unaffected after depletion of these 
receptors individually. 

The induction of IFN-y and IP-10 was constantly and significantly reduced in 
various assays, including the inhibitor treatment and siRNA depletion. In addition, 
these two proinflammatory mediators are highly stimulated in severe SARS and MERS 
patients [34-36]. Thus, we examined MERS-CoV induced secretion of IFN-y and IP- 
10 after genetic depletion of the above-mentioned RLR/CLR receptors and adaptors. 
IP-10 secretion was readily detectable from both MERS-CoV infected and mock- 


infected MDMs; whereas IFN-y secretion was beyond the detection limit, even in the 


11 


6102 зәдшә}бәс 62 uo лезп BuisseooJg sjeueg - suonoejoo ‘Aeq Аузлэлмий 4әўвеүүдүү Ха LOBSZSS/E8rZIl/SIPIUI/E6O "0 рлордоелд5де-ејоше-еоивлре/риушоо'дпо'опшерезе//:зауц шол ререојимод 


virus-infected cells. Thus, we examined MERS-CoV-induced IP-10 secretion in MDMs 
upon siRNA transfection. As shown in Figure 4C, genetic depletion of RIG-I, or Syk 
and Mincle resulted in a signification reduction of IP-10 secretion. Knockdown of RIG- 
I adaptor MAVS also marginally attenuated IP-10 production. Taken together, we 
found that disrupting RLR or CLR signaling, especially at the adaptor level, largely 
dampened the production of | MERS-CoV-induced _ proinflammatory 


cytokines/chemokines. 


Mincle blockage by antibody reduced proinflammatory response. 

The interplay of CLR signaling and human coronaviruses has not been appreciated 
yet. To further characterize the role of Mincle for immune activation in MERS-CoV- 
infected macrophages, we measured the MERS-CoV-related IFN-y induction in the 
presence of increasing concentrations of a neutralization antibody against Mincle. The 
results showed that the addition of a-Mincle significantly suppressed MERS-CoV- 
triggered IFN-y induction in a dose-dependent manner (Figure 5A). In addition, 
treatment of a-Mincle significantly diminished the induction of IL-6, RANTES, IFN-y 
and IP-10 (Fig 5B). However, the inhibitory effect was negligible for TNF-a and MIP- 
Та. Taken together, in line with the observations from Mincle siRNA depletion, CLR 
receptor Mincle contributed to the immune activation in MERS-CoV infected 


macrophages. 
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Mincle was activated т MERS-CoV infected cells. 

To characterize the engagement of Mincle in MERS-CoV infected cells, we 
assessed Mincle protein expression by flow cytometry analysis апа 
immunofluorescence staining. As shown in Figure 6A, in the mock-infected cells, 
around 50% macrophages were Mincle*, indicating Mincle is indeed highly expressed 


in macrophages as reported previously [17]. The percentage of NP* (infected) cells 


increased from 2.9% at 3 hpi to 37.896 at 24 hpi, indicating a productive viral replication. 


We then compared Mincle expression in МР“ cells versus that in МР cells at 24 hours 
post infection. In МР cells, Mincle protein expression, i.e. the percentage of Mincle- 
expressing cells and the abundance of Mincle protein (mean fluorescence intensity, 
МЕР, remained similar in the NP' cells and the mock-infected cells. Notably, Mincle 
protein expression was significantly elevated in the МР“ cells (Figure 6B). Mincle 
upregulation in the virus-infected cells was verified by co-staining of Mincle and NP. 
The NP* macrophages displayed the substantially elevated Mincle expression (Figure 
6C). Therefore, the results suggested that MERS-CoV replication significantly 


enhanced Mincle expression in macrophages. 


The upregulated CARD?9 transduced CLR signaling. 
Engagement of adaptor Syk with CLRs, via CARDO, activates MAP kinases and 
transcription factor NF-kB, and results in the induction of proinflammatory cytokines 


[9]. CARDO activation is not only mediated by phosphorylation and ubiquitination 
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processes, but also is enabled by upregulation [37]. То dissect the role CARD9 in CLR 
signaling upon MERS-CoV infection, we examined CARD9 activation upon MERS- 
CoV infection or in the presence of the CLR inhibitor R406. As shown in 
supplementary Figure 4, R406 had negligible effect on CARD9 expression in the naive 
macrophages. However, CARDO was significantly upregulated in MERS-CoV-infected 
macrophages. In contrast to the mock-infected cells, inhibition of CLR signaling by 
R406 significantly suppressed the degree of CARD9 activation. Thus, the results 
revealed the importance of CARD9 as an essential adaptor to relay CLR signaling in 


MERS-CoV infected macrophages. 


DISCUSSION 

MERS-CoV, the most virulent human coronavirus identified so far, has posed an 
ongoing threat to public health worldwide. It has been recognized that the rapid viral 
replication in lung tissues, massive inflammation and elevated proinflammatory 
cytokine/chemokine response collectively contribute to acute lung injury and underlie 
the high pathogenicity of this life-threatening human coronavirus [2, 5, 34, 38]. The 
post-mortem examination of MERS-CoV patient's lung tissues, which were obtained 
by needle sampling shortly after death, revealed severe pneumonia with diffuse alveolar 
damage and mixed inflammatory cell infiltration. Immunostaining revealed numerous 
intra-alveolar macrophages and infiltrating T lymphocytes in the parenchyma [4], 


which are consistent to the histopathological changes in lung tissues of MERS-CoV 
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infected marmosets. Notably, profound macrophage proliferation was the most 
prominent pathological change in the post-mortem examination of lung tissues of fatal 
SARS patients [39]. It was postulated that the proinflammatory cytokines/chemokines 
released from the proliferative alveolar macrophages play a prominent role in the 
pathogenesis of SARS [40-42]. We have reported that MERS-CoV can productively 
infect human macrophages and trigger exuberant proinflammatory response [8]. 
Conceivably, the proliferating macrophages in lung tissue of MERS patient and the 
dysregulated immune response in these cells may contribute significantly to the high 
pathogenicity of MERS-CoV. 

In this study, we sought to identify the cellular signaling pathway(s) that mediate 
the proinflammatory response in MERS-CoV infected human macrophages. The initial 
observations from the effect of the pathway inhibitors and profiling of receptor 
activation hinted the possible involvement of RLR and CLR signaling in MERS-CoV 
induced immune activation in macrophages. We then performed a series of experiments 
to characterize the role of RLR and CLR, especially CLR, in MERS-CoV-infected 
macrophages, with the intention to better understand the pathogenesis of human MERS. 

The role of RLR and CLR for MERS-CoV for eliciting immune activation was 
noted upon genetic depletion of the RLR adaptor MAVS, or the CLR adaptor Syk. The 
genetic depletion generally compromised or abolished the induction of 
cytokines/chemokines. The attenuated production of most proinflammatory mediators 


including MIP-la, RANTES, IFN-y and IP-10 was replicated when RLR receptors 
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(RIG-I or MDA-5) or CLR receptor (Mincle) were depleted individually. However, the 
dampened inflammatory response was more prominent in adaptor depletion than 
receptor depletion, which could be ascribed to the fact that the activation signals from 
multiple receptors (e.g. RIG-I and MDA-5) converge at one adaptor (e.g. MAVS). 
Upon MERS-CoV infection, multiple PRRs were activated in the macrophages (Figure 
2). Therefore, depleting individual receptors was unable to entirely block the activation 
signals. 

RLRs are ubiquitously expressed in many cell types and are among the first sensors 
to detect many viral infections. They are localized in the cytoplasm and recognize the 
genomic RNA of dsRNA viruses and dsRNA generated as the replication intermediate 
of ssRNA viruses. RIG-I and МРА-5 are inducible upon IFN treatment or virus 
infection. The activated RIG-I or MDA-5 interacts with an essential RLR adaptor, 
MAVS, initiating a signaling cascade that includes the activation of TBK1 and IKKe 
kinases which subsequently phosphorylate and activate the transcription factor IRF3 
and NF-«B. In this study, we demonstrate that RIG-I or MDA-5 were both induced in 
macrophages upon MERS-CoV infection. The engagement of the receptors and 
subsequent signaling transduction were manifested in siRNA depletion of both 
receptors and their adaptor MAVS, as well as TBK1/IKKe inhibition. Thus, RLRs 
indeed recognize replicating MERS-CoV and mediate the proinflammation response in 


macrophages. 


16 


6102 1equieideg GZ uo лезп бшѕѕәоола sjeueg - suonoejoo ‘Aeq Аузлэлмий лејее WoW Ха LO6SZSS/E8rZIl/SIPIUI/E6O LOL /Iopnoeasqe-ejonae-eoueApe/prfjuioo:dno o 1uepeoe//:sdyu шол рәреојимоа 


Recent studies have identified CLRs as an important family of PRRs that are 
involved in the induction of inflammation response to specific pathogens. Dectin-1, 
Dectin-2 and Mincle are members of a family of C-type lectins that are typically 
expressed by dendritic cells and macrophages [17]. Mincle is known to associate non- 
covalently with the adaptor molecule FcRy. The phosphorylation of the adaptor serves 
to recruit Syk and induces downstream NF-«B activation through the Syk-CARD9- 
BCL10-MALTI complex. The in vivo genetic studies have revealed an essential role 
of CLR-triggered CARDO signaling in host protection. CARDO deficient mice 
exhibited deregulated innate responses and failed to control infection of 
Mycobacterium  tuberculosis[43]. In addition, Mincle was identified as а 
lipopolysaccharide (LPS)-inducible protein in mouse macrophages and transcriptional 
upregulated after exposed to various stimuli and cellular stress [44]. In human 
monocyte, fungus infection elevated Mincle expression [31]. Herein we demonstrated 
that MERS-CoV replication upregulated Mincle expression. The antibody blockage of 
Mincle, siRNA depletion of Mincle, Syk pharmacological inhibition, and CARD9 
activation invariably highlighted the role of Mincle for mediating the proinflammatory 
cascade in MERS-CoV-infected macrophages. 

In terms of cellular inflammatory response, four major family of PRRs, including 
TLRs, RLRs, CLRs and NLRs, share overlapping ligand specificities and converge on 
common downstream pathways. The cooperative detection by different PRRs has been 


reported in other DNA and RNA viruses [33, 45] and bacteria [46]. In rhinovirus 
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infected bronchial epithelial cells, the innate immune response requires a coordinated 


recognition, initially via TLR3/TRIF and followed with RNA helicases RIG-I and 


MDA-5 [33]. Our results indicate that CLR and RLR signaling may be involved to 


mediate the immune activation in MERS-CoV infected human macrophages. However, 


the possible crosstalk or coordination of different pathways has yet to be investigated. 


Taken together, our study built upon current knowledge on the recognition of 


human coronaviruses by cellular PRRs. In agreement with previous literature on other 


human coronaviruses, our data revealed the important role of RLRs in mediating the 


proinflammatory response upon MERS-CoV infection. Importantly, our study further 


investigated the involvement of CLRs in sensing MERS-CoV and provided the first 


evidence that CLRs contributed to the recognition of MERS-CoV. In addition, we 


demonstrated that a significant proportion of MERS-CoV-triggered proinflammatory 


response was governed by Mincle. In this regard, CLRs may play an important role in 


modulating the pathogenesis of MERS-CoV. 
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Figure Legends 


Figure 1. Inhibition of individual РКК signaling pathways implicates the involvement 


of RLR and CLR for the immune activation in MERS-CoV-infected macrophages. (A) 


The inhibitors for various РВК signal pathways, the 50% cytotoxic concentration (СС50) 


and the working concentration used in the study are listed. (B) MERS-CoV-infected 


MDMs were treated with the inhibitors or mock-treated in triplicate. At 24 hpi, cells 


were lysed for detecting mRNA expression levels of proinflammatory 


cytokines/chemokines. Results show the fold change of GAPDH normalized 


expression level in the treated or mock-treated cells relative to that in the mock-infected 


cells. Data are presented as mean + SD of triplicated wells of MDMs from 3 different 


donors. Unpaired T test was used for data analysis. * P <.05, ** P «.01, *** P <.001. 


Figure 2. RLRs and some CLRs are inducible upon MERS-CoV infection. At 24 hpi 


(A) and 6 hpi (B), the MERS-CoV-infected MDMs and mock-infected cells were 


harvested for detection of mRNA expression levels of RLRs and myeloid CLRs. 


Results show the fold change of GAPDH normalized expression level in the infected 


cells relative to that in the mock-infected cells. Data are presented as mean + SD of 


triplicated wells of MDMs from 3 different donors. Unpaired T test was used for data 


analysis. * P «.05. 
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Fig 3. Genetic depletion of RLR or CLR adaptor significantly attenuated the induction 


of proinflammatory cytokines/chemokines. (A) siRNA targeting RLR adaptor MAVS 


or CLR adaptor Syk or scrambled siRNA (siCtrl) were transfected into MDMs in two 


consecutive days. At day 3 after siRNA transfection, cells were harvested to assess the 


knockdown effect of MAVS and Syk by RT-qPCR assay and Western blotting. (B) At 


day 3 after siRNA transfection, the depleted cells were infected with MERS-CoV. At 


24 hpi, cells were lysed for detecting mRNA expression levels of proinflammatory 


cytokines/chemokines. Results show the fold change of GAPDH normalized 


expression level in the infected cells relative to that in the mock-infected cells. Data are 


presented as mean + SD of triplicated wells of MDMs from 3 different donors. Unpaired 


T test was used for data analysis. * Р <.05, ** P <.01, *** P <.001. 


Fig 4. Genetic depletion of RLR or CLR receptor dampened the induction of 


proinflammatory cytokines/chemokines. (A) siRNA targeting RLR (RIG-I and MDA- 


5) or Mincle or scrambled siRNA (siCtrl) were transfected into MDMs in two 


consecutive days. At day 3 after siRNA transfection, cells were harvested to measure 


the knockdown effect of receptors by RT-qPCR assay and Western blotting. (B) At day 


3 after siRNA transfection, the depleted cells were infected with MERS-CoV. At 24 


hpi, cells were lysed for detecting mRNA expression levels of proinflammatory 


cytokines/chemokines. Results show the fold change of GAPDH normalized 


expression level in the infected cells relative to that in the mock-infected cells. Data are 
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presented as mean + SD of triplicated wells of МОМ from 3 different donors. (С) At 


day 3 after the siRNA transfection, the depleted cells were infected with MERS-CoV. 


At 24 hpi, cell-free media were harvested for detection of IP-10 secretion by ELISA. 


Unpaired T test was used for data analysis. * P «.05, ** P <.01, *** P «.001. 


Figure 5. Antibody blockage of Mincle diminished the proinflammatory response. (A) 


MERS-CoV infected MDMs were treated with increasing concentrations of Mincle 


antibody or mouse IgG2B. At 24 hpi, cell lysates were used for detecting IFN-y 


expression. Results show the GAPDH normalized IFN-y expression level in the treated 


or mock-treated cells relative to that in the mock-infected cells. Data are presented as 


mean + SD of triplicated wells of МОМ from 2 different donors. (B) MERS-CoV 


infected MDMs were treated with 5ug/ml anti-Mincle or IgG2B with same 


concentration. At 24 hpi, cell lysates were used for detecting the induction of 


proinflammatory response. Results show the fold change of GAPDH normalized 


expression level in the treated or mock-treated infected cells relative to that in the mock- 


infected cells. Data are presented as mean + SD of triplicated wells of MDMs from 4 


different donors. Unpaired T test was used for data analysis. * P <.05, ** P <.01, *** 


P «.001. 


Figure б. MERS-CoV replication in macrophages enhanced Mincle protein expression. 


At the indicated hours post infection, MERS-CoV-infected or mock-infected MDMs 
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were fixed, immunolabeled with an antibody against MERS-CoV NP and a-Mincle or 
mouse IgG2B, followed with flow cytometry analysis. (А) A representative histogram 
of Mincle and NP expression after virus inoculation. The bar charts show the percentage 
of NP* cells and the abundance (mean fluorescence intensity, MFT) of NP at the 
indicated hours post infection. Data are presented as mean + SD of MDMs from 3 
different donors. (B) The percentage of Mincle* cells (left), and relative abundance of 
Mincle (right) in the virus-inoculated cells (including NP* and NP' cells) versus that in 
the mock-infected cells at 24 hours post infection. Data are presented as mean + SD of 
MDMs from 3 different donors. Unpaired T test was used for data analysis. * P <.05. 
(C) Representative images of Mincle expression in MERS-CoV-infected MDMs. 
MDMs harvested at 24 hours post inoculation are applied to immunofluorescence 
staining using the antibody against MERS-CoV NP (red) and Mincle (green). Cellular 
F-actin and nuclei are counterstained with Phalloidin (white) and DAPI (blue) 


respectively. 
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